Abstract Studies of mountain belts worldwide show that along-strike changes are common in their foreland fold-and-thrust belts. These are typically caused by processes related to fault reactivation and/or fault focusing along changes in sedimentary sequences. The study of active orogens, like Taiwan, can also provide insights into how these processes influence transient features such as seismicity and topography. In this paper, we trace regional-scale features from the Eurasian continental margin in the Taiwan Strait into the south central Taiwan fold-and-thrust belt. We then present newly mapped surface geology, P wave velocity maps and sections, seismicity, and topography data to test the hypothesis of whether or not these regional-scale features of the margin are contributing to along-strike changes in structural style, and the distribution of seismicity and topography in this part of the Taiwan fold-and-thrust belt. These data show that the most important along-strike change takes place at the eastward prolongation of the upper part of the margin necking zone, where there is a causal link between fault reactivation, involvement of basement in the thrusting, concentration of seismicity, and the formation of high topography. On the area correlated with the necking zone, the strike-slip reactivation of east northeast striking extensional faults is causing sigmoidal offset of structures and topography along two main zones. Here basement is not involved in the thrusting; there is weak focusing of seismicity and localized development of topography. We also show that there are important differences in structure, seismicity, and topography between the margin shelf and its necking zone.
Introduction
Studies of mountain belts worldwide have shown that along-strike changes in many features of their foreland fold-and-thrust belts are common [e.g., Thomas, 1985; Perez-Estaun et al., 1997; Duncan et al., 2003; Yin, 2006; Turner et al., 2010; Arora et al., 2012] . In most cases, these along-strike changes can be related to the reactivation of preexisting faults that were inherited from the continental margins that were involved in the deformation or to changes in sedimentary thickness and facies [e.g., Jackson, 1980; Wiltschko and Eastman, 1983; Perez-Estaun et al., 1997; Brown et al., 1999; Kelly et al., 1999; Calamita et al., 2011; Turner et al., 2010; Butler et al., 2006; Chatzaras et al., 2013; Boutoux et al., 2014; Godin and Harris, 2014] . While along-strike changes in structural architecture and in sedimentary depositional systems of fold-andthrust belts are well documented in fossil orogens, investigating those in active orogens can also yield important information about variations in transient features such as seismicity and topography. For example, Yin [2006] , Arora et al. [2012] , and Godin and Harris [2014] have shown how preexisting faults on the Indian Plate that are oriented at a high angle to the structural grain of the foreland of the Himalaya and are causing along-strike changes in the structure, seismicity, and topography of its foreland fold-and-thrust belt. Likewise, BROWN ET AL.
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Blanc et al. [2003] , , and Koyi et al. [2016] have shown how preexisting structures in the Arabian Plate are similarly affecting various features of the Zagros fold-and-thrust belt. Investigating the role played by margin features in the development of along-strike changes is therefore not only of importance for determining structural processes, sediment pathways, and facies distribution in a fold-and-thrust belt, it is also important for understanding, and possibly mitigating, the focusing of geological hazards that are related to seismicity and topographic relief.
The area on and around the island of Taiwan provides an excellent opportunity to investigate how the structural and the morphological features of a continental margin could possibly contribute to along-strike changes in the structure, seismicity, and topography of a fold-and-thrust belt because the preexisting structural and basin architecture of the margin shelf, shelf-to-slope transition, and slope are well known [e.g., Teng et al., 1991; Yang et al., 1991; Lin et al., 2003; Teng and Lin, 2004] and because there is a wealth of on-land geological, geophysical, and geodetic data that can be used to trace them into the fold-and-thrust belt [e.g., Suppe, 1986; Deffontaines et al., 1997 Mouthereau et al., 2002; Yang et al., 2006 Yang et al., , 2016 Byrne et al., 2011; Alvarez-Marron et al., 2014; Camanni et al., 2016] . In this paper, we combine the top of the Mesozoic basement map from the Taiwan Strait with seismic tomography to trace the regional-scale structural and morphological features of the continental margin into the south central Taiwan fold-and-thrust belt. We then present newly mapped surface geology, which is integrated with P wave velocity maps and sections, with an accurately relocated seismicity data set and with high-resolution topography to test the hypothesis of whether or not the regional-scale features of the margin are contributing to along-strike changes in structural style, seismicity, and topography of the south central Taiwan foldand-thrust belt. As a corollary to this hypothesis, we also investigate whether or not there are differences in structural architecture, seismicity, and topography between the margin shelf and its necking zone.
Background: The Southeastern Eurasian Margin and the Taiwan Orogen

Tectonic Evolution and Structure of the Margin
The part of the continental margin of the Eurasian Plate that is currently involved in the Taiwan orogeny is thought to have evolved from a subcontinental subduction system in the Late Cretaceous [Hall, 2001; Li et al., 2007; Lan et al., 2008 ] to a rifting margin by the early Eocene followed, during the late early Oligocene, by seafloor spreading and, from the early Miocene to the present, the subduction of Eurasian Plate beneath the Philippine Sea Plate [Hall, 1996; Lin et al., 2003; Huang et al., 2012] . Here we define the margin's prerift Mesozoic rocks as the basement upon which the Eocene and younger sediments of the margin were deposited. The morphology of the Eurasian margin that is now entering into the collision with the Philippine Sea Plate to form the Taiwan orogen consists of a broad shelf with deep, fault-bounded Eocene age basins, a roughly northeast striking shelf slope break (the 200 m bathymetry contour), a steep, narrow slope with Miocene age basins, and a broad distal margin (Figures 1 and 2 ). Throughout this paper, we use the structural term necking zone [e.g., Mohn et al., 2012] when referring to the area of the margin where the basement thins and slope when referring to the morphological feature where sediments were deposited on the necking zone ( Figure 2 ). We refer to that part of the margin where the basement begins to thin as the upper part of the necking zone ( Figure 2 ). In Taiwan, the upper part of the necking zone roughly coincides with the northern bounding-fault system of the Tainan Basin [e.g., Lee et al., 1993; Lin et al., 2003; Ding et al., 2008] . The crustal thickness of the shelf part of the Eurasian margin has been determined from a variety of geophysical data to be about 30 ± 5 km [Yeh et al., 1998; Kim et al., 2004; Kuo-Chen et al., 2012; Huang et al., 2014; Wu et al., 2014; Chen et al., 2016] . Reflection and wide-angle seismic data show that the continental crust thins across the necking zone, from approximately 30 km of the shelf to approximately 18 km along the more than 300 km wide hyperextended, distal part of the margin (Figure 2 ) [Chen and Yang, 1996; Li et al., 2007; Lin et al., 2008; Huang et al., 2012; Yeh et al., 2012; Deng et al., 2012; McIntosh et al., 2013 McIntosh et al., , 2014 Lester et al., 2014] . Yeh et al. [2012] , McIntosh et al. [2014] , and Lester et al. [2014] also interpret a failed rift to occur at the base of the slope (FR in Figure 2 ) that projects on shore in southwestern Taiwan. The transition from continental to oceanic crust occurs to the south of the area shown in Figure 1 [e.g., Nissen et al., 1995; Zhao et al., 2010; Tsai et al., 2004 : Deng et al., 2012 Yeh et al., 2012; McIntosh et al., 2013; Lester et al., 2014] . Lin et al., 2003] . Of these, the Taihsi Basin is now involved in the Taiwan orogeny (Figure 1) , with its eastern flank, the Hsuehshan Trough of Teng et al. [1991] and Teng and Lin [2004] , now forming the Hsuehshan Range (Figure 1 ). During the late Oligocene to late Miocene, several extensional events further affected the outer shelf and necking zone areas to various degrees, resulting in an array of roughly east northeast striking extensional faults and development of the Tainan Basin [Yang et al., 1991; Lee et al., 1993; Lin et al., 2003; Lin et al., 2005; Ding et al., 2008; Shi et al., 2008; Tang and Zheng, 2010; Yang et al., 2016] . Reactivation of the east northeast striking faults of the Tainan Basin is having a widespread, variable effect on the fold-and-thrust belt in southwestern Taiwan [e.g., Suppe, 1986; Rodriguez-Roa and Wiltschko, 2010; Alvarez-Marron et al., 2014; Yang et al., 2007 Yang et al., , 2016 , and it is here that we focus our investigation to test the hypothesis of along-strike changes caused by inheritance of structures from the margin. 
Tectonostratigraphy of the Taiwan Orogen
The Taiwan orogen is divided into five roughly N-S oriented tectonostratigraphic zones that are separated by major faults (Figure 1 ). From west to east these zones are the Coastal Plain (CP), Western Foothills (WF), the Hsuehshan Range (HR), the Central Range (CR), and the Coastal Range. In much of south central Taiwan, the boundary between the Coastal Plain and the Western Foothills is interpreted to coincide with the mostly buried tip line of the Changhua Thrust (ChT in Figure 1 ). In the north of the study area, the Western Foothills is in turn juxtaposed against the Hsuehshan Range across the Shuilikeng Fault (SkF). In the east, the Hsuehshan Range is juxtaposed against the Central Range across the Lishan Fault (LF). Southward, the Central Range is juxtaposed against the Western Foothills along the Chaochou Fault (ChF). Below, we give an overview of the outcropping stratigraphy and depositional environment of the Coastal Plain, the Western Foothills, the Hsuehshan Range, and the western part of the Central Range, beginning with the Mesozoic rocks that we define as basement.
Although the Central Range is outside of our study area, we give a brief description of it because the Mesozoic rocks that crop out there may make up a part of the basement in western Taiwan and in the Taiwan Strait [Jahn et al., 1992] . The Mesozoic rocks in the Central Range comprise predominantly marbles and schists [Stanley et al., 1981; Ernst, 1983; Ho, 1988; Lan et al., 2008] whose absolute ages are not well constrained, although a number of Permian to Cretaceous isotopic ages have been determined [Jahn et al., 1986; Lo and Onstott, 1995; Lan et al., 2008; Yui et al., 2009 Yui et al., , 2012 Wintsch et al., 2011] . In western Taiwan and its offshore, several boreholes intersect weakly metamorphosed continental to shallow marine siliciclastic deposits that have been interpreted to range in age from Late Permian to Cretaceous [e.g., Jahn et al., 1992; Chiu, 1975; Ho, 1988; Shaw, 1996] . There is, however, some disagreement about the interpretations of the age of these rocks [e.g., Chiu, 1975; Ho, 1988; Shaw, 1996] .
In the western part of the Central Range, the Mesozoic rocks are either unconformably overlain by, or in fault contact with, Eocene age siliciclastic rocks that are interpreted to have been deposited on the outer part of the margin, in an outer neritic to upper bathyal environment [e.g., Ho, 1988; Teng, 1992; Huang et al., 1997] . These are unconformably overlain by predominantly middle Miocene age siliciclastic rocks that in northern to central Taiwan are interpreted to have been deposited in the upper to middle bathyal zone of the margin slope [Chang, 1976; Sung and Wang, 1985; Huang et al., 1997 Huang et al., , 2006 Huang et al., , 2012 . Farther south, pillow lavas intercalated with middle Miocene siliciclastics are interpreted to have been erupted near the base of the slope [Smith and Lewis, 2007] . On the Hengchun Peninsula, in southeastern Taiwan, middle to late Miocene age turbidites are interpreted to have been deposited on the slope [Huang et al., 2012; Zhang et al., 2014] .
The ages of the stratigraphic units of the Hsuehshan Range are poorly constrained because of a paucity of fossil assemblages that would allow a detailed stratigraphic succession to be determined [Ho, 1988] A schematic cross section of the continental margin to the southwest of Taiwan that shows the terminology for the margin used in the text and a simplified structural interpretation. The location of the section is shown in Figure 1 . The structure depicted in the upper crust of the shelf area is from Lin et al. [2003] , whereas that in the slope and distal margin is simplified from Yeh et al. [2012] and Lester et al. [2014] . The Moho depth in the distal margin is from Lester et al. [2014] , whereas that beneath the shelf and slope area is from Tsai et al. [2004] . [Huang et al., 2012] in what is commonly interpreted to have been the rift-related Hsuehshan Trough (or Basin) [Ho, 1988; Teng et al., 1991; Lin et al., 2003; Teng and Lin, 2004; Huang et al., 2012] . By extrapolation from other basins of similar age to the west and north of Taiwan (Figure 1 ) [e.g., Lin et al., 2003; Cukur et al., 2011] the Eocene rocks of the Hsuehshan Trough can also be interpreted to directly overlie the Mesozoic basement. The Eocene rocks of the Hsuehshan Range are themselves unconformably overlain by late Oligocene shallow marine siliciclastic rocks [Lee, 1979; Lin et al., 2003; Huang et al., 2012] that are interpreted to have been deposited on the shelf to upper slope and to reflect thermal subsidence of the rifted margin following the opening of the South China Sea Teng and Lin, 2004] .
The outcropping stratigraphy of the Western Foothills and Coastal Plain consists predominantly of Eocene through Holocene age siliciclastic rocks and unconsolidated sediments [Chiu, 1975; Covey, 1986; Ho, 1988; Teng, 1992; Shaw, 1996; Chen et al., 2001; Lin et al., 2003; Huang et al., 2012 Huang et al., , 2013 . The Eocene through to latest Miocene rocks are interpreted to have been deposited in shallow marine to fluvial environments [Chiu, 1975; Ho, 1988; Shaw, 1996; Huang et al., 2012 Huang et al., , 2013 , whereas the latest Miocene through Holocene rocks and sediments were (and are being) predominately deposited in shallow marine and fluvial environments in the foreland basin [Covey, 1986; Teng, 1987; Chen et al., 2001; Lin and Watts, 2002; Castelltort et al., 2010; Nagel et al., 2013] . A possible exception to this is in southwestern Taiwan where a thick mudstone unit is interpreted to have been deposited in a moderately deep water (upper slope?), open sea, Figure 5 are shown. The transparent gray boxes, called zones A, B, and C, highlight areas where there are marked changes in the structural grain of the fold-and-thrust belt that we interpret to be due to reactivation of faults in the basement. The northernmost of these corresponds to the on-land projection of the upper part of the necking zone. The stratigraphic scheme used in the map is given in Table 1 .
environment [Covey, 1986] . Neither the Eocene nor the Oligocene rocks are present everywhere, so in places, the lower Miocene rocks can either unconformably overlie the basement or conformably overlie the Oligocene [Chiu, 1975; Ho, 1988; Shaw, 1996] . The Miocene sequence thickens significantly southward across the on-land prolongation of the Tainan Basin and may reach as much as 6 km in thickness in southwestern Taiwan [Ho, 1988; Shaw, 1996; Lin et al., 2003] . These rocks make up a significant part of the stratigraphy involved in the thrust system in this southern part of the Western Foothills ( Figure 1 ).
Tracing the Margin Structure Into South Central Taiwan
To aid in the correlation of regional-scale structures from the margin in the Taiwan Strait with velocity anomalies on land in Taiwan, we present three depth slices from a 3-D P wave perturbation (dVp) model derived from the local tomography of Kuo-Chen et al.
[2012] (Figure 3 ). The description below is confined to our study area, which is shown in Figure 3 . In the northwest of the study area, at 8 km depth, the dominant negative dVp values to the west of the Shulikeng fault (SkF in Figure 3a ) provide good correlation with the sediments of the Taihsi and foreland basins. At this depth there is also a significant increase in the relative dVp in the Hsuehshan Range and a well-developed positive anomaly below the Alishan Range (HR and AR, respectively, in Figure 3 ). We interpret the increase in the relative velocity in the Hsuehshan and Alishan ranges to be caused by the presence of high-velocity basement rocks at a shallow crustal level [see Camanni et al., 2014a Camanni et al., , 2016 Alvarez-Marron et al., 2014] . Beginning at 8 km depth, but becoming especially prominent at 12 km and 16 km depth, there is an embayment of relatively high dVp that is associated with the highvelocity basement rocks that comprise the Peikang Basement High (PH in Figure 3 high dVp coincides with the on-land projection of the upper part of the necking zone, clearly indicating that it can be traced from the margin into the fold-and-thrust belt. South of this, in the Western Foothills and on the Coastal Plain, the negative dVp values reach to about 12 km depth and are interpreted to be due to thicker Miocene and foreland basin sediments that were deposited on the slope of the margin and which are now involved in the fold-and-thrust belt deformation [e.g., Wu et al., 2007; Kuo-Chen et al., 2012; Huang et al., 2014] . By 16 km depth, the Peikang Basement High still produces a significant dVp anomaly. Below the southwestern part of the fold-and-thrust belt, there is a weak dVp high extending northeastward from a basement high on the margin. is from our own fieldwork [see Brown et al., 2012; Alvarez-Marron et al., 2014] . In the map, the stratigraphy of the Miocene through Pleistocene rocks is simplified as a chronostratigraphic sequence whose north to south correlation follows that of Shea et al. [2003] (Table 1) . We also correlate major faults from north to south in the manner of Ho [1986] . The cross sections shown in Figure 5 were drawn using the geological map, field structural data, and the standard section construction techniques [e.g., Dahlstrom, 1969; Hossack, 1979] . We refer the reader to Kuo-Chen et al. [2012] and its supplementary data set for the acquisition and processing parameters, the reference velocity function used for the Vp perturbation model, and the resolution testing of the TAIGER local tomography. In the velocity maps and sections presented here, we can expect a resolution of at least 20 × 20 × 10 km (see the checkerboard test of Kuo- ). The discretization of the 3-D velocity grid is 4 × 4 km horizontally and 2 km vertically to a depth of 24 km. At a depth of greater than 24 km the spatial resolution is 4 × 4 × 4 km. The earthquake hypocenters have been relocated by the double-difference [Waldhauser, 2001] . The relocation was carried out on all events shallower than 60 km depth that had a minimum of six readings with a reading weighting <3 (good quality). Calculations of travel time residuals of earthquakes in the Central Weather Bureau database indicate that the starting uncertainty in their locations was less than 1 km. After the HypoDD relocation the average residual was reduced, indicating that the uncertainty had improved. In the description of the structure that follows, we differentiate between the morphological features of the margin in the footwall (the shelf, the necking zone, and the slope) and those in the hanging wall of the fold-and-thrust belt (Western Foothills, Hsuehshan Range, zones A, B, and C) (Figure 4 ) whose structures we wish to link to those in the margin.
Finally, an important feature of the subsurface geology for the interpretations that follow is the contact between the Mesozoic basement rocks and the overlying sediments. Understanding where this contact is allows us to interpret the role played by the margin basement in the structure of the fold-and-thrust belt. In the absence of any surface data about this contact in south central Taiwan, and with a limited number of borehole data, we choose to make a seismic velocity description in which a Vp of 5.2 km/s is taken as a proxy for the velocity of the rocks near the top of the basement. We choose this velocity for two reasons: (1) because it is in keeping with laboratory measurements of Vp carried out on clastic rocks [Christensen, 1989; Mavko et al., 1998; Christensen and Stanley, 2003; Christensen, 1992, 1993] that are similar in lithology to those described as Mesozoic in boreholes from south central Taiwan [Chiu, 1975; Shaw, 1996] and (2) because it is in keeping with the measured Vp (<5 km/s) of the late Miocene and younger sediments intersected by the Taiwan Chelungpu Fault Drilling Project borehole A [Hung et al., 2009] . We stress, however, that a Vp of 5.2 km/s serves only as a proxy. It is meant to help with the interpretation of the location of these rocks at depth, but because of the uncertainties in the velocity model and in the petrophysical assumptions it may not coincide exactly with the basement-cover interface.
Structure, Seismicity, and Topography of South Central Taiwan
In the northern part of the study area (north of zone A in Figure 4) , the outcropping geology of the Coastal Plain and Western Foothills comprises Pliocene to Holocene synorogenic sediments of the foreland basin with, eastward, synrift Eocene age sedimentary and minor volcanic rocks that are unconformably overlain (Figure 4) . The Nanchuang Fm (middle to late Miocene) is absent here, and the early Miocene rocks are unconformably overlain by the late Miocene synorogenic Kuechulin Fm. The structure is that of a west verging imbricate thrust system with a roughly N-S striking structural grain (Figures 4 and 5a) . Its basal thrust is interpreted to be located near the base of the low velocity (<5 km/s [Hung et al., 2009] ) synorogenic sediments in the Western Foothills (Figures 6 and 7a) . Along the eastern flank of the Western Foothills, Eocene and Miocene rocks overthrust the Pliocene to Holocene synorogenic sediments along the Shuangtung thrust (ST in Figures 5a and 7a) . Seismicity in this imbricate thrust system is scattered (Figure 8) , with no clear correlation with any individual fault (Figure 7a ). Beneath the imbricate thrust system, seismicity reaches to approximately 30 km depth, but there is no well-defined clustering that would suggest the location of any particular fault in the basement (Figures 7a and 8) . The topography of the imbricate thrust system is dominantly subdued, with elongated hills developed in the immediate hanging walls of the frontal thrusts (Figure 9a ). Only at the rear of the thrust system, where Miocene sediments crop out, do elevations reach more than 500 m.
The Shuilikeng fault is a major structural boundary across which there is an important change in the outcropping rocks and in the structure of the fold-and-thrust belt [Camanni et al., 2014b] (Figures 4 and 5a) . East of it, the Hsuehshan Range comprises Eocene age synrift sediments from the Hsuehshan Trough, which are unconformably overlain by late Oligocene postrift sediments. The structure of the Hsuehshan Range can be divided into two thrust sheets, the westernmost of which comprises open to tight, west verging anticlines and synclines and, from the Tili thrust (TT in Figure 5a ) to the east, a set of west verging folds with a penetrative axial planar cleavage and associated thrusts that overall form an anticlinorium with a steep to overturned forelimb. The involvement of older and, at depth, higher Vp (Figures 6 and 7a ) rocks in this part of the foldand-thrust belt provides unequivocal evidence that the basal thrust ramps down to a deeper crustal level beneath the Hsuehshan Range [see Yue et al., 2005; Brown et al., 2012; Chuang et al., 2013] . In the subsurface, the location of the ramp can be inferred from an east dipping cluster of seismicity that reaches to about 20 km depth (Figure 7a ) [see Chuang et al., 2013; Camanni et al., 2014a Camanni et al., , 2014b . We interpret both the Shuangtung and Shuilikeng faults to be linked to this ramp, with the Shuangtung thrust having been cut by the Shuilikeng fault [Brown et al., 2012; Chuang et al., 2013] . The uplift of higher Vp rocks (>5.2 km/s) beneath the Hsuehshan Range (Figures 6 and 7a ) is interpreted to indicate the involvement of Mesozoic basement in the deformation. In this northern part of the study area, the Hsuehshan Range is the most seismically active part of the fold-and-thrust belt, with significant seismicity extending to over 30 km depth (Figure 8 ). The deepest seismicity in the Hsuehshan Range is seen in the cross section to form a steeply west dipping cluster that is interpreted to be associated with the Lishan fault (LF in Figures 7a and 8) [see Wu et al., 2004; Brown et al., 2012; Camanni et al., 2014a Camanni et al., , 2014b Kuo-Chen et al., 2015] . In the study area, the Hsuehshan Range has the highest elevations in the fold-and-thrust belt. The two highest mountains in Taiwan are found there: Yushan and Hsuehshan mountains, respectively (YM and HM, in Figure 9 ). The Puli Basin (PB in Figure 9 ) forms a pronounced topographic low within the Hsuehshan Range, and it is roughly centered on a marked Vp high (Figures 3 and 6 ).
The upper part of the necking zone marks a major change in the structure of the margin offshore western Taiwan, and across its on-land prolongation (zone A, Figure 4 ) there are significant along-strike changes in structure, stratigraphy, seismicity, and topography of fold-and-thrust belts (Figures 4, 6, 8, and 9a) . With regard to the structure, zone A highlights a roughly north-south to northeast-southwest, en echelon (Figure 4 ). The Meishan fault is thought to link westward under the Coastal Plain with an extensional fault system that is also found offshore, along the upper part of the necking zone [e.g., Lin et al., 2003; Yang et al., 2016] . Immediately south of zone A, the Changhua (ChT) and Chelungpu (CT) thrusts in the western part of the fold-and-thrust belt merge into a gently east dipping basal thrust that is much shallower than to the north (compare ChT and CT in Figures 5a and 5b) . Concomitant with the shallowing of the basal thrust, there is a decrease in the thickness of the Pliocene to Recent synorogenic sediments of about 5 km, and its base is uplifted by approximately 7 km in the Chelungpu thrust sheet. East of the Shuangtung thrust (ST in Figure 5b ), the basal thrust is interpreted to ramp down section, and the hanging wall structure is that of an approximately 20 km wide anticlinorium. This anticlinorium includes a thicker Miocene sequence than is to the north of zone A. The southward appearance of the middle to late Miocene Nanchuang Fm at zone A (Figure 4 ) occurs along the northern margin of the Tainan Basin. In structural cross sections [e.g., Suppe, 1986; Rodriguez-Roa and Wiltschko, 2010; Yang et al., 2007 Yang et al., , 2016 Alvarez-Marron et al., 2014] , its appearance in the fold-and-thrust belt is interpreted to take place along a reactivated middle Miocene age extensional fault that coincides with the Chelungpu thrust (also known as the Tachienshan thrust).
Through zone A, the upper crustal Vp contours have a NE strike (note in particular the trace of 5.2 km/s contour in Figure 6 ) that parallels the surface structural grain (Figure 4 ) and which continues with higher Vp values through the Alishan Ranges (AR in Figure 6 ), at the rear of the fold-and-thrust belt. We interpret the shallowing of the 5.2 km/s isovelocity contour across the Shuangtung thrust in the Alishan Ranges to indicate the presence of basement rocks that are involved in this part of the fold-and-thrust belt (Figures 5b and 7b) [see Alvarez-Marron et al., 2014] . Zone A also marks an abrupt north to south increase in the amount of upper crustal seismicity (Figures 8a and 8b) . South of zone A, seismicity is widespread in the upper 10 km across the Western Foothills and extends up to the coastline in the Coastal Plain. Events at 20 km depth are scattered, both to the north and south of zone A, while at 30 km depth seismicity occurs dominantly to the north. Beneath the Alishan Ranges, there is a good correlation between seismicity and the Shuilikeng fault (Figure 7b ), although to the west seismicity clusters near the basement-cover interface, well below the interpreted location of the basal thrust. Finally, zone A marks a significant north-south increase in the topography of the fold-and-thrust belt, especially in the Western Foothills but also in the Hsuehshan Range, to the south of the Puli Basin (Figure 9a ). Across zone A, the topography of the Western Foothills rises from just above sea level to form the northwest facing slope of the Alishan Ranges, which, at over 2400 m high, has the highest elevation in the Western Foothills of south central Taiwan.
Farther south, on the area that correlates with the necking zone (Figure 4) , zones B and C both mark northeast striking, en echelon changes in the orientations of thrusts and curvature of fold axial traces as they take on a northeast-southwest strike. The thrust front is also interpreted to turn northeast-southwest and then continue southwestward into the offshore where it becomes the deformation front of the marine accretionary prism that is climbing up the slope [e.g., Shyu et al., 2005; Lin et al., 2008] . From zone B southward, the foldand-thrust belt widens into an imbricate thrust system that comprises wide synclines and narrow anticlines in its western part (Figures 4 and 5c) . The synclines in the Chelungpu and Chutochi thrust sheets terminate northward at zone B, from where they plunge gently southward, and Miocene and younger sediments thicken. Eastward, across the Chishan thrust (CiT in Figure 5c ), the broad anticlinorium of the Alishan Ranges narrows to less than half its width before terminating southward in a syncline that plunges beneath the alluvial sediments of the Pingtung Plain (Figure 4) . South of zone C, which coincides with the on-land prolongation of the present shelf slope break, thrusts are almost entirely buried by the synorogenic sediments, and an active thrust top basin (the Pingtung Basin of Chiang et al. [2004] ) is forming in the hanging wall of the Chishan thrust. The basal thrust is interpreted to comprise a series of narrow ramps and wide flats as it cuts gently down through the sedimentary section toward the east where it ramps steeply into the basement.
Zones B and C are located on the northern and southern flanks, respectively, of a roughly northeast striking P wave velocity high (>5.2 km/s) that extends northeastward from beneath the Coastal Plain through to the velocity high beneath the Alishan Ranges (Figure 6 ). We interpret this velocity high to be caused by basement rocks, and herein call it the Tainan Basement High (TBH in Figure 6 ). South of zone C, a pronounced velocity low suggests a deepening of the basement rocks and a concomitant increase in the thickness of the slope and foreland basin sediments. Along section C-C 0 , the basement-cover interface (Vp ≥ 5.2 km/s) dips gently eastward below the basal thrust (Figures 5c and 7c ). There is widespread but scattered seismicity between zones B and C that roughly coincides with the Tainan Basement High (Figure 8 ). In the upper 10 km there is a southward decrease in seismicity across zone C in the western part of the fold-and-thrust belt, although at 20 km and 30 km depth there are events scattered throughout the southwest. The absence of any clear clustering of events makes it difficult to interpret the seismicity in terms of the structure of the fold-and-thrust belt in this area (Figure 7c ). There is a very marked change in topography across zone B, from the widespread, high elevations of the Alishan Ranges to several roughly southwest-northeast oriented ridges that end southwestward (Figure 9a ). At both zones B and C, these ridges undergo sharp, sigmoidal changes in strike that offset them up to several kilometers toward the west (e.g., Figures 9b and 9c) . The ridges follow the trace of related thrusts and confine a set of south and southwest draining river basins. South of zone C, the topography is very subdued and only a few hills reach elevations of up to several tens of meters. In a large part of this area, the fold-and-thrust belt is buried by around 5000 m of Pliocene to Holocene sediments [see Mouthereau et al., 2002; Chiang et al., 2004] .
Discussion
Along-Strike Changes Related to the Margin Structure
The necking zone of the Eurasian continental margin offshore southwestern Taiwan comprises an east northeast trending extensional fault system [Lee et al., 1993; Lin et al., 2003; Lin et al., 2005; Ding et al., 2008; Shi et al., 2008; Tang and Zheng, 2010; Yang et al., 1991 Yang et al., , 2016 Yeh et al., 2012; McIntosh et al., 2014] that can be traced from the margin in the Taiwan Strait across the Coastal Plain [Chang, 1963 [Chang, , 1964 Lin et al., 2003; Yang et al., 2014] and into the fold-and-thrust belt where some of its faults are being reactivated [Suppe, 1986; Mouthereau et al., 2001 Mouthereau et al., , 2002 Yang et al., 2007 Yang et al., , 2016 Rodriguez-Roa and Wiltschko, 2010; Alvarez-Marron et al., 2014; Camanni et al., 2016] . In particular, the fault system along the upper part of the necking zone, the Yichu (or A), Meishan, and B faults (Figures 1 and 4) , which also comprise the northern bounding faults of the Tainan Basin [Yang et al., 1991; Lee et al., 1993; Lin et al., 2003] , are of particular importance. The entire necking zone has regional-scale basement highs and lows (i.e., the Northern Depression, Central Uplift, and Southern Depression or the failed rift of Yeh et al. [2012] and McIntosh et al. [2014] ) (Figure 2 ) that can be traced into the Coastal Plain (Figure 1 ) and, we suggest, into the fold-and-thrust belt where the Tainan Basement High correlates with the Central Uplift of the Tainan Basin [cf. Lin et al., 2003; Li et al., 2007; Ding et al., 2008] . These basement highs and lows result in important changes in thickness of the Miocene and Pleistocene sediments [e.g., Hsiao, 1970; Shaw, 1996; Yang et al., 2014] . The changes in sediment thickness from one thrust sheet to another has led to the interpretation of extensional fault reactivation in the fold-and-thrust [e.g., Suppe, 1986; Rodriguez-Roa and Wiltschko, 2010; Yang et al., 2007 Yang et al., , 2016 Alvarez-Marron et al., 2014] there is ample evidence that regional-scale east northeast striking faults that have been mapped on the necking zone of the Eurasian continental margin can be traced into the fold-and-thrust belt in southwest Taiwan where they are being reactivated, supporting our hypothesis that a number of these are causing important along-strike changes in structural architecture, seismicity, and topography of the fold-and-thrust belt in this area.
The most important along-strike change in the south central Taiwan fold-and-thrust belt takes place at zone A, which is the on-land prolongation of the upper part of the necking zone (Figures 4, 6, 8, and 9 ). Zone A forms the southern flank of Peikang Basement High, which has been widely recognized as an area of significant change in the structure, fault kinematics, and seismicity of the thrust belt [e.g., Lu et al., 1998; Deffontaines et al., 1997; Lacombe et al., 1999; Mouthereau et al., 2002; Cheng et al., 2003; Wu et al., 2008 Wu et al., , 2010 Byrne et al., 2011; Alvarez-Marron et al., 2014] . It has been suggested that these along-strike changes are largely due to buttressing [Hayward and Graham, 1989 ] of the thrust system by the basement high [e.g., Lu et al., 1998; Lacombe et al., 1999] . Lu et al. [1998] and Lacombe et al. [1999] also suggested that this basement high partially controls the tectonic escape that they interpret to take place in southwestern Taiwan. We concur with the previous authors that buttressing across the upper part of the necking zone appears to be an important deformation process. This is shown by the intensification of internal folding, back thrusting, and basement involvement in the immediate hanging wall of the Shuangtung thrust ( Figure 5b ). There is a significant increase in seismicity associated with the on-land projection of the upper part of the necking zone (Figure 8 ). Importantly, in this area, focal mechanism determinations by Chang et al. [2016] have shown that the dominant fault type to the west of the Chelungpu thrust is dextral strike-slip with lesser oblique thrusting; both of which have one roughly east northeast oriented nodal plane. To the east, these authors show a mixture of dextral strike-slip and oblique thrusting (with one nodal plane striking roughly east northeast) fault types. Likewise, modeling of GPS data [Ching et al., 2011a] indicates that the deformation style in zone A is characterized by east northeast oriented, dextral strike-slip faulting. The dominance of east northeast oriented strike-slip faulting at zone A suggests a causal relationship with faults of this orientation mapped in the subsurface in the upper part of the necking zone [e.g., Chow et al., 1988; Lin et al., 2003; Yang et al., 2014] . We suggest, therefore, that the along-strike change in structural architecture that takes place at zone A, together with the change in seismicity, are indicative of an east northeast striking lateral structure [the Choshui lateral structure of Alvarez-Marron et al. [2014] ] that has an important component of dextral strike-slip movement. This lateral structure is forming by the reactivation of preexisting Miocene basin-bounding faults along the upper part of the necking zone, thereby accounting for the appearance and rapid increase in thickness of the middle Miocene Nanchuang Fm. In this interpretation, the abrupt southeastward increase in topography across zone A comprises the surface expression of the north dipping culmination wall that is forming above the Choshui lateral structure, with the maximum elevations reached in the basement-involved thrust sheets. While there are a number of factors that can influence topography [e.g., Willet, 1999; Molnar, 2009; Champagnac et al., 2012] , in south central Taiwan we agree with Mouthereau et al. [2002] that there appears to be a causal link between high elevations and the involvement of basement in the thrusting.
Southward, zones B and C illuminate two areas of along-strike change that are developing on the necking zone of the margin as it enters into the fold-and-thrust belt. These changes are not as pronounced as those at the upper part of the necking zone, but they are nevertheless significant features. There is an important change in the structural architecture across zone B, from the broad, basement-cored anticlinorium of the Alishan Ranges to the open synclines above a nearly horizontal basal thrust located in the Miocene and younger sediments (compare Figures 5b and 5c ). En echelon, sigmoidal changes in the strike of fold axial traces, the surface trace of thrusts (Figure 4) , and of topographic ridges (Figures 9b and 9c ) at zones B and C all combine to suggest that these are being offset dextrally by east northeast oriented strike-slip faults. Note that in their modeled tectonic blocks Ching et al. [2011a] also identify two east northeast striking, dextral strike faults that roughly coincide with the locations of zones A and B. Sigmoidal offsets of structures and topography in fold-and-thrust belts are generally attributed either to reactivation of footwall basement faults or as transfer zones (tear faults) in the hanging wall that are caused by mechanical differences along the basal thrust [e.g., Albers, 1967; Mugnier et al., 1999; Ruh et al., 2014; Koyi et al., 2016] . In southwestern Taiwan, the homogeneity of the hanging wall structural architecture from zone B southward seems to militate against strong mechanical differences along the basal thrust. Finally, the numerous earthquakes in the area of the Tainan Basement High that have dextral strike-slip focal mechanisms with one roughly east northeast to northeast striking nodal plane [e.g., Hsu et al., 2010; Wu et al., 2010] , together with the dextral east northeast striking surface rupture of the 1946 Hsinhua earthquake (Figure 4 ) [Bonilla, 1977] , provide further support for the interpretation that the en echelon sigmoidal features observed at zones A and B are related to the dextral strike-slip reactivation of east northeast striking basement faults along the flanks of the Tainan Basement High (Figure 6 ).
Our proposal for east northeast striking along-strike changes in the south central Taiwan fold-and-thrust belt that are caused by the reactivation of margin structure with this orientation differs from that of other authors. For example, using various types of data, including structure, seismicity, and topography, Deffontaines et al.
[1997], Lacombe et al. [1999] , Mouthereau et al. [1999 Mouthereau et al. [ , 2002 , and have suggested that there are a number of west northwest to northwest striking transfer zones in the western Taiwan fold-and-thrust belt. Of these, the Fengshan, Chishan, and Chiayi transfer zones are within our geological map area. Our mapping and analyses of the seismicity and topography data show no concrete evidence for the Fengshan and Chiayi transfer zones. In outcrop, the area of the Chishan transfer zone is a narrow, roughly west northwest striking fault (the Zuojhen fault (Figure 4) ) developed predominantly in mudstone [see Deffontaines et al., 1997] . Interpreting the regional structure of this area is complicated by the thick, monotonous mudstone lithology, several important thrusts, and what appears to be very little displacement across the Zuojhen fault. Nevertheless, more fieldwork is required to clarify the nature and importance of this fault. Deffontaines et al. [1997] point out that there is very little evidence for basement faults with a WNW strike, and they therefore suggest that the transfer zones are not caused by reactivation of basement faults but are newly formed in the hanging wall of the fold-and-thrust belt. Lacombe et al. [1999] , Mouthereau et al. [1999 Mouthereau et al. [ , 2002 , and do, however, suggest that basement fault reactivation is responsible for these transfer zones. In fact, Ching et al. [2011b] argue, on the basis of coseismic GPS displacements for sinistral displacement along the Chishan transfer fault during the 2010 Jiashian earthquake. Likewise, Huang et al. [2016] suggest that coseismic displacement during the 2016 Meinong earthquake took place, in part, along a NW striking fault surface, but they make no mention of the Chishan structure. Although these faults may exist in the subsurface, we do not see any evidence for them in our data. Finally, north-south oriented extensional transfer faults have been interpreted to occur on the necking zone [Yang et al., 1991] , but these are at a significant angle to the Chishan and Chiayi transfer zones and roughly parallel to the Fengshan transfer.
Changes in Structure, Seismicity, and Topography From the Shelf to the Necking Zone
We furthermore suggest that the data supports the corollary to our proposed hypothesis, since it is possible to observe differences in structure, seismicity, and topography of the fold-and-thrust belt depending on whether it is the shelf or necking zone areas of the margin that are involved in the deformation. There is, for example, a very different style of basement involvement between the shelf and the necking zone. On the shelf, the roughly northeast oriented Hsuehshan Trough is inverting along almost north-south striking basin-bounding faults that penetrate deep into the crust [e.g., Wu et al., 2004; Camanni et al., 2014b; Kuo-Chen et al., 2015] , exposing deep levels of the synrift sediments that, along the eastern part of the Hsuehshan Range, have been metamorphosed to lower greenschist facies [e.g., Clark et al., 1993; Beyssac et al., 2007; Simoes et al., 2012] and have a penetrative pressure solution cleavage [e.g., Clark et al., 1993; Tillman and Byrne, 1995; Fisher et al., 2002; Brown et al., 2012] . The uplift of relatively high Vp material (Figure 7a ) indicates that the Mesozoic basement rocks are involved in the thrusting. On the shelf part of the study area, seismicity is largely concentrated within the inverting Hsuehshan Trough, where it forms well-defined clusters along the basin-bounding faults (Figures 7a and 8) [e.g., Wu et al., 2004; Camanni et al., 2014a Camanni et al., , 2014b Kuo-Chen et al., 2015] . We suggest that the roughly north-south oriented basin faults of the Hsuehshan Trough are ideally oriented for reactivation and the incorporation of basement rocks into the thrusting. Finally, the Hsuehshan Range has the highest elevations in the south central Taiwan fold-and-thrust belt (Figure 9 ), providing further evidence for the causal link between basement involvement in the thrusting and the development of high topography alluded to in section 3.1.
The upper part of the necking zone comprises a transitional area with complex structure that includes basement involvement in the thrusting, reactivation of east northeast oriented faults, widespread seismicity, and the formation of high topography. In contrast, farther down the necking zone, the basement appears to be deforming without being incorporated into the thrust sheets. That the basement is deforming is attested to by the widespread, deep seismicity that is taking place across most of the necking zone. Seismicity is, however, dispersed and does not cluster in a way that highlights any particular fault, as it does in the Hsuehshan Range. This could imply that the basement in this area is highly fractured, with fractures optimally oriented for reactivation. It may also indicate that the seismicity data window we present (20 years) is too short to illuminate the major linked fault system that is forming the foreland thrust-and-fold belt. A further indication that basement rocks are not involved in the thrusting is the gentle eastward dip of 5.2 km/s isovelocity surface, which contrasts with what happens in the Hsuehshan Range where there is a marked shallowing of higher velocities. The Zagros [Koyi et al., 2016] and the Keping Shan [Turner et al., 2010] are two welldocumented examples in which, as along the necking zone in southwestern Taiwan, basement faults that are at a high angle to the structural grain of a thrust belt are either bending structures into a sigmoidal geometry (Zagros) or even cut completely through the thrust belt (Kepin Shan) but are not involved in the thrusting. We suggest that, in southwest Taiwan, the east northeast striking extensional faults on the necking zone of the margin [i.e., Yang et al., 2014] are, like those in Zagros and Kepin Shan, ideally oriented for reactivation as strike-slip faults and that they are beginning to affect the fold-and-thrust belt, causing the dextral, sigmoidal offset of thrusts, fold axes, and topography (Figures 4 and 9 ). Without basement involvement in the thrusting, topography on the necking zone is subdued, with no change in elevation associated with the basement faults.
Conclusions
Regional-scale east northeast striking faults that have been mapped on the necking zone of the Eurasian continental margin in the Taiwan Strait can be traced into the fold-and-thrust belt in southwest Taiwan where they are being reactivated, supporting our hypothesis that a number of these are causing important alongstrike changes in structural architecture, seismicity, and topography of the fold-and-thrust belt in this area.
The most important along-strike change takes place in the upper part of the necking zone where there is an abrupt north-south change in structure, an increase in the amount of seismicity, and an increase in topography. These changes are interpreted to be caused by the east northeast striking, dextral strike-slip Choshui lateral structure that is forming by the reactivation of preexisting faults along the upper part of the necking zone. The abrupt southeastward increase in topography across the upper part of the necking zone is the surface expression of the north dipping culmination wall of the Choshui lateral structure. Maximum elevations in this area are reached in the basement-involved thrust sheets, suggesting a causal link between basement involvement in the thrusting and high topography. Farther south, on the necking zone proper, along-strike changes are marked by en echelon, sigmoidal offsets in the strike of fold axial traces, the surface trace of thrusts, and of topographic ridges. The widespread, deep seismicity that is taking place across most of the necking zone provides evidence that the basement is involved in the deformation, but it is difficult to correlate events with individual faults. Nevertheless, basement appears to be deforming without being incorporated into the thrust sheets, and the sigmoidal offset of structures and topography is suggestive of the dextral strike-slip reactivation of east northeast striking basement faults.
It is also possible to observe differences in structure, seismicity, and topography of the fold-and-thrust belt depending on whether it is the shelf or necking zone areas of the margin that are involved in the deformation. On the shelf, the roughly northeast oriented Hsuehshan Trough is inverting along almost north-south striking basin-bounding faults that penetrate into the middle crust and have well-clustered, deep seismicity. The relationship between basement involvement in the thrusting and high topography is particularly apparent in the Hsuehshan Range. On the necking zone, east northeast oriented faults are at a high angle to the thrusting and are being reactivated as dextral strike-slip faults that are causing en echelon, sigmoidal offset of structures and topography. Seismicity is scattered, and there is no basement involvement in the thrusting.
